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Tropomodulins (Tmods) comprise a family of capping proteins for actin filament pointed ends. To decipher the significance of Tmod1
functions during de novo myofibrillogenesis, we generated Tmod1 null embryonic stem (ES) cells and studied their differentiation into
cardiomyocytes. Strikingly, in vitro cardiomyocyte differentiation of wild type (WT) ES cells faithfully recapitulates in vivo cardiomyocyte
differentiation, allowing us to evaluate the phenotypes of Tmod1 knockout (KO) myofibrils irrespective of embryonic lethality of Tmod1 KO
mice. Immunofluorescence and electron microscopy studies revealed that Tmod1 null cardiac myocytes were round, morphologically
immature, and contained underdeveloped myofibrils that were shorter, narrower, and had fewer thin filaments than those in WT cells.
Unexpectedly, clear gaps in the staining pattern for F-actin at the H-zone were detected in most KO cells, indicating the presence of filaments
at uniform lengths. This indicates that additional mechanisms other than capping proteins are responsible for thin filament length
maintenance in cardiac myocytes. Also unexpectedly, ¨40% of the KO cardiac myocytes exhibited contractile activity. Our data indicate that
differentiating ES cells are a powerful system to investigate the functional properties of contractile proteins and that Tmod1 functions are
critical for late stages of myofibrillogenesis, and for the maturation of myofibrils.
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Regulation of actin filament lengths is a critical process
required for the proper functioning of sarcomeres, the basic
contractile units of striated muscle. Parallel arrays of actin
filaments are oriented with their barbed (fast-growing) ends
within the Z-disc and their pointed (slow-growing) ends
within the H-zone (middle of the sarcomere). The uni-
formity of actin filament lengths is controlled by polymer-
ization and depolymerization of actin monomers at both
ends of the filaments. Actin filament capping proteins are
recognized for their ability to influence actin dynamics at
both filament ends.0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.03.015
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actin filament pointed end capping proteins with a
characteristic leucine-rich-repeat at their C-terminus
(Krieger et al., 2002; Weber et al., 1994). In mammals,
there are 4 Tmod genes with different expression profiles
(Cox and Zoghbi, 2000). Tmod1 is the only isoform
expressed in heart muscle cells and its capping activity is
required to prevent actin filament elongation in primary
cultures of cardiac myocytes (Almenar-Queralt et al., 1999;
Gregorio et al., 1995). Recently, it was suggested that
Tmod1 is involved in the early stages of de novo myofibril
assembly through its association with the plasma mem-
brane, well before the actin filaments are restricted to their
appropriate lengths (Ehler et al., 2004).
Overexpression of Tmod1 in mouse hearts resulted in
dilated cardiomyopathy and degenerating myofibrils (Suss-82 (2005) 336 – 348
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metry between Tmod1 and other sarcomeric proteins is
crucial for proper heart function. Transient overexpression
of the Drosophila Tmod homologue Sanpodo in indirect
flight muscles caused irreversible shortening of the thin
filaments; the increased expression of Tmod was hypothe-
sized to shorten thin filament lengths by changing Tmod
from a dynamic to a permanent cap (Mardahl-Dumesnil and
Fowler, 2001). Studies in primary cultures of cardiac
myocytes supported this interpretation (Littlefield et al.,
2001; Sussman et al., 1998b). Conversely, decreased
expression of Tmod1 resulted in thin filament elongation
(Sussman et al., 1998b). More recently, Tmod1 was also
shown to prevent filament depolymerization from the
pointed ends (Mudry et al., 2003). The presence of
regulatory mechanisms for thin filament lengths at the
pointed end of the filaments is also suggested by the
observation that the Z-discs’ widths within single sarco-
meres are heterogeneous, e.g., the filament lengths at their
barbed ends were more variable (Luther et al., 2003).
Therefore, all the data to date are consistent with Tmod1
being required to prevent both polymerization and depoly-
merization of thin filaments at their pointed ends, thus
maintaining their lengths.
Recent studies have reported that Tmod1 knockout (KO)
mice die at E10–10.5 due to widespread cardiovascular
abnormalities, including defective primitive hematopoiesis
and mechanically weakened blood cells, abnormal embry-
onic and extraembryonic vascular morphogenesis, and the
failure of cardiac myocytes to contract (Chu et al., 2003;
Fritz-Six et al., 2003). The myofibrils in the KO cells
contained immature Z-lines and thin filaments that did not
mature into well-striated and aligned thin filaments. In
particular, the thin filaments displayed continuous (no gaps
within H-zone) staining patterns indicating lack of defined
filament lengths. The extensive cardiovascular defects
observed in Tmod1 knockout mice precluded a detailed
analysis of late stages in myofibril assembly and maturation.
To overcome this limitation and to learn more about the
functional properties of Tmod1 in cardiac myocytes, Tmod1
null (KO) mouse embryonic stem (ES) cell lines were
generated and in vitro myofibrillogenesis was studied during
cardiac myocyte differentiation in embryoid bodies. This
system has proven to be a powerful approach to study specific
cell types, including heart muscle cells (Boheler et al., 2002;
Doetschman et al., 1985;Maltsev et al., 1994), in cases where
gene ablation results in early embryonic death and/or
widespread abnormalities in multiple developing tissues
(Fa¨ssler et al., 1996). Another distinctive advantage of using
this system is that ‘‘de novo’’ myofibrillogenesis occurs
during in vitro cardiac myocyte differentiation from ES cells;
this is not achieved in primary cultures of cardiac myocytes
where reassembly of pre-existing myofibrils is predominant.
We demonstrate the strength of using wild type and
mutant mouse ES cells to investigate mechanisms of
myofibril assembly and subsequent maturation, and thespecific roles of contractile proteins therein. Detailed
analysis revealed that myofibrillogenesis in ES cell
derived cardiac myocytes was identical by all parameters
studied to events occurring in the developing heart in
vivo. In contrast to Tmod1 KO mice in which beating of
the heart was not detected, about 40% of Tmod1 KO ES
cell derived cardiac myocytes exhibited spontaneous
beating under normal differentiation conditions. Myofibrils
in cardiac myocytes differentiated from Tmod1 KO ES
cells were narrower, shorter (i.e., contained fewer sarco-
meres in tandem), and less organized than those found in
wild type cells. Although the assembly of actin-thin,
myosin-thick, and titin filaments and their incorporation
into sarcomeres were not affected, subsequent trans-
formation of these nascent myofibrils into mature arrays
of striated, longer, and wider myofibrils was not observed.
Therefore, Tmod1 functions are required for myofibril
maturation. Unexpectedly, however, bundles of actin
filaments in Tmod1 null myofibrils had uniform lengths
as revealed by clear gaps in the staining patterns in the
center of the sarcomere, indicating the presence of
mechanisms for actin filament length regulation that are
independent of Tmod1.Materials and methods
ES cell culture and in vitro differentiation
Undifferentiated GSI-1 ES cells (Incyte Genomics, CA)
were cultured on gelatin-coated culture dishes with a feeder
layer of mitotically inactive mouse embryonic fibroblasts
(Specialty Media, NJ). ES cell medium was composed of
Dulbecco’s modified Eagle’s medium (Invitrogen, CA)
supplemented with 20% heat-inactivated fetal bovine serum
(HyClone, UT), 100 U/ml penicillin, 0.1 mg/ml streptomy-
cin, 2 mM l-glutamine (Invitrogen), 10 mM HEPES
(Invitrogen), 0.1 mM nonessential amino acid (Invitrogen),
1 mM Na-pyruvate (Invitrogen), 0.11 mM h-mercaptoetha-
nol (Invitrogen), and 103 U/ml Leukemia Inhibitory Factor
(LIF) (ESGRO-LIF, CHEMICON, CA), as described
(Fa¨ssler et al., 1996; Wobus et al., 1991).
For differentiation to embryoid bodies (EBs), a standard
‘‘hanging drop’’ method was used with some modifications
(Metzger et al., 1994; Wobus et al., 1991). In brief, eight
hundred cells in 25 Al of ES cell medium (without LIF) were
cultured for 2 days on petri dish lids (hanging drop),
followed by suspension culture in petri dishes for 3 days.
The EBs were then plated onto gelatin-coated coverslips,
fed every other day with ES cell medium (without LIF) and
analyzed up to 14 days. The percentage of EBs with
spontaneously beating units was determined by phase-
contrast microscopy. Isolation of aggregates of beating
cardiac myocytes were performed by surgical excision
using a tungsten needle under a dissecting microscope, or
by incubating EBs in 0.25% trypsin/1 mM EDTA/PBS
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cells were plated onto gelatin-coated coverslips and further
cultured as described above.
Targeted disruption of the Tmod1 gene
The genomic organization of mouse Tmod1 was
previously reported (Chu et al., 2000). Three independent
genomic clones containing exon 1 of the Tmod1 gene were
isolated from a mouse 129/SvJ genomic library (Strata-
gene, TX) and were characterized by restriction mapping
and sequencing. One of the clones, A35, was used to
produce the targeting construct shown in Fig. 1. This
construct contains 8-kb and 3-kb fragments from the 5V and
3V flanking regions of Tmod1 exon 1, respectively, as
homologous arms around a neo cassette from pMC1neopA
(Thomas and Capecchi, 1987), and a diphtheria toxin
(DTA) minigene to eliminate non-homologous recombina-
tions. Electroporation of the linearized targeting vector into
GSI 1 129/SvJ embryonic stem (ES) cells and the first
round of screening for ES cells with a heterozygous
knockout of the Tmod1 locus were performed by Incyte
Genomics, CA, in the presence of 0.5 mg/ml of G418.
Genomic DNA was isolated from ES cells and genotyping
was performed using a set of primers corresponding to the
intron1 of Tmod1 gene and the other corresponding to 5VFig. 1. Targeted disruption of the Tmod1 gene in ES cells. (A) Restriction maps o
targeted allele after homologous recombination are shown. The neo expression ca
Tmod1 gene. Southern probes and expected fragment sizes of genomic DNA from
indicated by small black bars and bars with arrowheads, respectively. B, BamHI;
shift of fragment size by homologous recombination. Genomic DNA from wild ty
ko33) for the Tmod1 knockout cell lines were double-digested with EcoRI and Hupper regions of exon 1 of Tmod1 gene or the neo cassette.
Genotypes were further confirmed by Southern hybrid-
ization with a probe marked in Fig. 1A. The targeted cell
line, ht4, with a heterozygous knockout of the Tmod1
locus was further propagated in the presence of increasing
concentrations (1 to 3 mg/ml) of G418 for up to a week to
select for clones with two targeted (and no wild type)
alleles (Mortensen et al., 1992). Clones ko11 and 33,
homozygous knockout of the Tmod1 locus, were obtained
at 2 mg/ml G418. These clones were further subcloned to
exclude clonal contamination and used for in vitro differ-
entiation experiments.
RT-PCR assays
Total RNA was extracted from isolated beating sections
of ES outgrowths (on 4, 6, and 9 days after plating) and
from adult mouse heart, skeletal and brain tissue (as
controls), using the RNeasy Mini kit (Qiagen), or with
Trizol (Invitrogen). Beating sections isolated from several
different EB outgrowths were pooled together for RNA
extraction. The reverse transcription reaction was performed
using M-MLV (Moloney Murine Leukemia Virus) Reverse
Transcriptase (Invitrogen) and oligo dT (as primers). PCR
amplification of each transcript was performed using Ex Taq
(TaKaRa). The number of cycles, 35, was determined to bef the Tmod1 gene around the targeted site, the targeting construct, and the
ssette (Neo) replaces the BamHI–SmaI fragment containing exon 1 of the
either WT or targeted allele double-digested with EcoRI and HindIII are
E, EcoRI; H, HindIII; S, SmaI. (B) Southern blot analysis demonstrating a
pe (WT), heterozygous (ht4), and two independent homozygous (ko11 and
indIII and hybridized with a probe shown in panel A.
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were carried out as follows using annealing temperature and
extension time optimized for each primer pair: 15 s at 95-C,
35 cycles of 30 s at 95-C, 30 s at annealing temperature
indicated, extension at 72-C as indicated, and a final 2.5-
min extension at 72-C. Primer sequences, annealing
temperature, and extension time used were as follows:
Gata4 (F: 5V-CTCTGGAGGCGAGATGGGAC-3V and R:
5V-GCGCATCTCTTCACTGCTGC-3V, producing a 414-bp
fragment; annealing temperature 60-C, extension 1 min);
Tmod1 (F: 5V-CACAACCTCGCACAATGTCC-3V and R:
5V-CCTCTTCTAGTTCTGGGTCATTGTT-3V, producing a
612-bp fragment; annealing temperature 60-C, extension 1
min); Tmod3 (F: 5V-GTGCTGGGAAGTAGTAACGGTG-
3V, and R: 5V-CTCCATCAGGGTCTCATTATCTCTC-3V,
producing a 408-bp fragment; annealing temperature
55-C, extension 45 s); and Tmod4 (F: 5V-ATGCCATCTG-
CAGTGGAGAG-3V, and R: 5V-CGTCCCAGGCTCT-
CATCTCT-3V, producing a 639-bp fragment; annealing
temperature 58-C, extension 45 s). All PCR products were
of appropriate size and were sequenced for verification. For
Tmod-3 and -4, additional sets of primer pairs were used to
amplify each transcript giving the identical result (data not
shown).
Indirect immunofluorescence and microscopy
Immunofluorescent staining was performed as previ-
ously described with some modifications (Gregorio and
Fowler, 1995; Rudy et al., 2001). EB outgrowths were
rinsed with PBS and fixed in freshly prepared 4%
paraformaldehyde/PBS for 20 min followed by three
washes with PBS. After permeabilization in 0.2% Triton
X-100/PBS for 20 min and blocking in 1% BSA/1%
normal donkey serum/PBS for 1 h, EBs were probed with
the following primary antibodies: polyclonal (#6033) and
monoclonal (clone 2-16) anti-human TMOD1 antibodies,
monoclonal anti-sarcomeric a-actinin EA-53 (Sigma, MO),
monoclonal anti-myosin F59 (generously provided by F.
Stockdale, Stanford University, CA), and polyclonal anti-
titin M-line specific antibodies (Centner et al., 2000). The
secondary antibodies used included: Texas red-conjugated
goat anti-mouse or anti-rabbit IgG (Jackson Immuno-
Research Laboratories Inc., PA) and AlexaFluor 488-
conjugated goat anti-rabbit IgG (Molecular Probes, OR).
In some experiments, EBs were preincubated in a relaxing
buffer (150 mM KCl, 5 mM MgCl2, 10 mM MOPS pH
7.0, 1 mM EGTA, 4 mM ATP) prior to fixation and/or
counterstained for F-actin using AlexaFluor 488-conjugated
phalloidin after incubation with the antibodies. Stained
samples were mounted with AquaPolymount (Polysciences,
Inc., PA) and analyzed on an Olympus model IX70
deconvolution microscope. Z-series were digitally recorded
(model Series 300; Photometrics Inc., CA) and decon-
volved using DeltaVision software (Applied Precision,
WA).Electron microscopy
For electron microscopy, EBs cultured on gelatinized
coverslips for 6 to 8 days were processed according to a
protocol described previously with some modifications
(Granzier et al., 1996; Trombita´s et al., 1991). In brief,
cells were rinsed twice with relaxing buffer [40 mM
imidazole, 10 mM EGTA, 6.4 mM Mg(CH3COO)2, 5.9
mM Na-ATP, 5 mM NaN3, 1 mM DTT, 70 mM K-
propionate, and 10 mM creatine phosphate] adjusted to pH
7.02 and incubated in relaxing buffer supplemented with 1%
Surfact-Amps X-100 (Pierce, IL) and protease inhibitors
(0.1 mM leupeptin, 10 AM E-64, and 1 mM PMSF) for 30
min on ice followed by extensive washings in relaxing
buffer without detergent. Cells were then fixed in 3%
paraformaldehyde/PBS with 0.1 mM leupeptin for 20 min
on ice followed by extensive washings in MOPS buffer (20
mM MOPS, 10 mM MgCl2, 5 mM NaN3, pH 6.8). Cells
were further incubated with MOPS buffer supplemented
with 3% glutaraldehyde and 5 mM EGTA for 30 min on ice
followed by extensive washings in MOPS buffer and post-
fixation in 1% OsO4. Staining, dehydration, and preparation
of ultrathin sections were done as previously described
(Trombita´s et al., 1991). Sections were viewed and photo-
graphed on a Philips CM12 electron microscope in the
Arizona Research Laboratories, Division of Biotechnology
Imaging Facility.
Western blot analysis
Ten to 15 EBs with beating aggregates were collected
and processed for Western blot analysis. EBs were washed
with PBS and scraped into SDS sample buffer, followed by
boiling for 5 min, sonication, and centrifugation. Loading
volume of each sample was adjusted so that each lane
contained protein extract corresponding to 1 EB. After SDS-
polyacrylamide gel electrophoresis (SDS-PAGE), proteins
were transferred to nitrocellulose membrane and the
presence of equivalent amounts of protein was confirmed
by staining the membrane with Ponceau S (data not shown).
The membrane was probed with a monoclonal anti-human
TMOD1 antibody (clone 2-16) followed by an HRP-
conjugated goat anti-mouse IgG. The antibody complexes
were visualized using Super Signal chemiluminescent
substrate (Pierce). As a positive control, extracts from
neonatal rat cardiac myocytes cultured for 4 days after
isolation were used. This experiment was also repeated on
day 4 EBs using a rabbit anti-TMOD1 #6033 antibody,
which recognizes epitopes along the length of the molecule
as determined by probing blots of various GFP-Tmod1
fragments that were transfected into fibroblasts (data not
shown), and with 3 additional anti-TMOD1 (clones 3-1, 3-2,
3-5) monoclonal antibodies: identical results were obtained.
In this experiment, 10 Ag of protein extract was loaded per
well and the film was exposed to saturation. With respect to
the level of Tmod1 which can be detected in our experi-
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us to detect Tmod1 in 0.5 to 1 ng of protein extract from rat
cardiac myocytes, and in 400–500 ng protein extract from
wild type embryoid body (EB) outgrowth containing cardiac
myocytes (which corresponds to 1–2% of an EB).Results
Tmod1 expression in WT differentiating embryoid bodies
ES cells grown as aggregates (‘‘hanging drops’’) of 800
cells were cultured for 3 days in suspension to form
embryoid bodies (EBs). Once plated on a gelatin-coated
surface, cells undergo proliferation and differentiation
resulting in a number of distinct cell lineages including
cardiac myocytes (Doetschman et al., 1985). This ‘‘in vitro’’
model of cardiomyogenesis recapitulates the in vivo differ-
entiation of cardiac muscle cells with respect to expression
of the full repertoire of myocyte-specific proteins including
transcriptional factors and sarcomeric components, and
physical properties such as myofibril organization, ion
currents, and cell–cell coupling events (Maltsev et al.,
1994; Westfall et al., 1997).
Two days after plating, differentiation into cardiac cells
became apparent in EB outgrowths based on the appearance
of spontaneously contracting aggregates. RT-PCR analysis
detected expression of mRNA transcripts for Tmod1 and
Tmod3 (a ubiquitous Tmod isoform), but not Tmod4 (a
skeletal muscle specific isoform) in differentiating WT EBs
(Fig. 2A). The expression of Tmod1 protein was examined
in differentiating WT EBs at 2, 4, and 6 days after plating.
Tmod1 was detected by Western blot analysis in single WT
EB outgrowths within 2 days of plating and at every other
time point thereafter (Fig. 2B, arrowhead), whereas Tmod1
protein was barely detected in WT undifferentiated ES cells
(data not shown).
The assembly of Tmod1 into myofibrils was also studied
by immunofluorescence microscopy in cardiac myocytes
isolated from beating loci of WT EBs 5 days after plating.
Tmod1 staining was detected in its distinctive striated
pattern in the central, M-line region of the sarcomere,
alternating with sarcomeric a-actinin, the major Z-line
component and a well-characterized marker for myofibril
assembly (e.g., Dlugosz et al., 1984; Ehler et al., 1999;
Sanger et al., 1986; Tokuyasu and Maher, 1987) (Fig. 2C,
arrows).
Targeted disruption of the Tmod1 gene in ES cells
To determine the role(s) of Tmod1 during de novo
myofibril assembly, we created Tmod1 KO ES cells. The
genomic structure around exon 1 of the mouse Tmod1 gene
is shown in Fig. 1A (Chu et al., 2000). The targeting vector
was designed to replace the BamHI–SmaI fragment
containing exon 1 with the neo expression cassette fromthe vector pMC1neopA. The targeted locus acquired an
additional EcoRI site in the neo cassette that allowed for
identification of the disrupted gene by Southern blot
analysis (Fig. 1B). ES cell clones identified as heterozygous
for the knockout allele were challenged with elevated
concentrations of G418, and surviving clones were screened
for the presence of two knockout alleles. Two independent
homozygous Tmod1 knockout cell lines, ko11 and ko33,
were obtained and subjected to further analyses. RT-PCR
analysis revealed that Tmod1 mRNA was never detected in
beating areas isolated from differentiating Tmod1 KO cells,
4, 6, and 9 days after plating (Fig. 2A for ko11 at 4 days).
Immunofluorescence microscopy (Fig. 2C for ko33) and
Western blot analysis (Fig. 2B for ko11 and 33) revealed no
detectable Tmod1 protein (or Tmod1 fragments) in the KO
cells using several anti-TMOD1 monoclonal and polyclonal
antibodies (even when the Western blot film was exposed
under saturating conditions: Fig. 2B). Additionally, RT-PCR
analysis revealed no apparent increase in the mRNA levels
of Tmod-3 and Tmod-4 (Fig. 2A), suggesting that they did
not compensate for the loss of Tmod1.
Compromised contractile activity in Tmod1 KO
cardiomyocytes
To compare the timing of cardiomyocyte differentiation
in EBs from WT versus Tmod1 KO cells, the percentage of
EBs with beating units were scored on each day of culture
(Fig. 3). At 2 days after plating, the appearance of beating
activity in WT cells was distinctly apparent as contractions
of small isolated areas (0.05–0.10 mm in diameter). Beating
activity was also apparent in Tmod1 KO cells at this stage,
although significantly reduced (40% for WT vs. 6–10% for
Tmod1 KO, P < 0.01) compared to controls. This result was
unexpected based on the observations that the hearts of
Tmod1 KO embryos were devoid of beating (Chu et al.,
2003; Fritz-Six et al., 2003) and that perturbation of Tmod1
functions in primary cultures of cardiac myocytes resulted in
a near-complete loss of contractile activity (Gregorio et al.,
1995; Mudry et al., 2003; Sussman et al., 1998b). In 4- and
5-day-old WT EBs, 70–80% had large multi-cellular (>0.50
mm in diameter) beating aggregates: individual cells
within each aggregate contracted synchronously. At this
stage, 30–45% of Tmod1 KO EBs developed beating
contractile masses, although individual masses were smaller
in diameter in Tmod1 KO (0.10–0.30 mm) versus WT EBs.
These data indicate that the absence of Tmod1 in nascent
sarcomeres did not result in a loss of contractile activity as
was observed in Tmod1 / embryonic hearts.
Sarcomere organization remains immature in Tmod1 KO
cardiac myocytes
The overall morphology of KO cardiac myocytes was
analyzed as one indicator of their degree of maturation.
Using phase-contrast microscopy, cardiac myocytes in WT
Fig. 2. Tmod1 expression in differentiating EBs. (A) RT-PCR analysis of Tmod isoforms in isolated beating areas. RNA was harvested at day 4 of the
differentiation protocol and subjected to RT-PCR. Gata4 gene expression was analyzed as an internal control. The results are representative of 2 independent
cultures. No Tmod1 mRNAwas detected in KO cells, while no alterations in the levels of Tmod3 mRNAwere detectable: no Tmod4 was detected in either WT
or KO cells at this time point. (B) Western blot analysis of Tmod1 expression in EBs. Tmod1 protein expression was detected in WT EBs, but not in Tmod1
KO EBs (arrowhead). Left panel: total cellular protein from the same number of EBs of WT and Tmod1 KO (ko33) cell lines at 2, 4, and 6 days after being
plated were probed with anti-TMOD1 antibodies. RCM, extracts from neonatal rat cardiac myocytes. Right panel: Tmod1 is not detected in day 4 Tmod1 KO
cardiac myocytes under saturating conditions. Equal loading of protein extracts from WT and Tmod1 KO cells was verified by staining the membrane with
Ponceau S. (C) Tmod1 assembly into myofibrils in EBs. Beating cardiac myocyte aggregates dissected from differentiated EBs were analyzed by double
immunofluorescent staining using an anti-TMOD1 antibody (green) and an anti-sarcomeric a-actinin antibody (red). In WT cardiac myocytes, Tmod1 was
found to localize to the pointed ends of thin filaments that alternated with a-actinin at the Z-line (arrows). No staining for Tmod1 was detected in KO (ko33)
EBs. Scale bars, 10 Am.
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while KO cardiac myocytes failed to elongate and remained
round (data not shown; however, see circular immunofluo-
rescence staining of a-actinin in KO cells which is indi-
cative of ‘‘round’’ cell morphology, Fig. 4B). Sarcomeric
organization was visualized in beating EBs at 4 days after
plating by staining for sarcomeric a-actinin. In WT cells,widespread assembly of a-actinin in its distinctive striated
pattern was observed (Figs. 4A and C). The myofibrils were
densely packed parallel to each other to form wide
striations. The continuity of the regularly striated pattern
of a-actinin from cell to cell indicated that the myofibrils
spanned several neighboring cardiomyocytes. Thus, myofi-
brils in WT ES cell derived cardiac myocytes differentiated
Fig. 3. Cardiomyocyte differentiation and contractility of Tmod1 KO cells. EBs derived from WT and Tmod1 KO (ko11 and ko33) ES cell lines were plated on
gelatin-coated coverslips and were analyzed for beating cardiomyocyte units. The appearance of beating activity was delayed in Tmod1 KO cells. Percentage of
EB outgrowths with beating cardiomyocytes in EBs for WT, ko11, and ko33 at 2, 4, and 5 days after plating are shown (n = 153, 152, and 136 at day 2; 62, 55,
and 50 at day 4; and 53, 57, and 53 at day 5 for WT, ko11, and ko33, respectively). The data are representative of three independent experiments. *P < 0.01,
**P < 0.05, and ***P < 0.1 by t test.
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developing embryos (e.g., Ehler et al., 1999; Fritz-Six et
al., 2003; Fu¨rst et al., 1989; Tokuyasu and Maher, 1987). In
contrast at the same day of culture, a-actinin staining in
Tmod1 KO cardiac myocytes was organized predominantly
in periodic dots, indicating the formation of precursor Z-
lines (I–Z–I bodies: Figs. 4B and D) and very little
alignment of myofibrils was observed (Fig. 4D, open
arrowheads). Although some myofibrils showed striations
of a-actinin (Figs. 4B and D, arrows), even in these cases
myofibrils were not aligned parallel to each other and did
not span from cell to cell. These observations indicated that
KO cardiac myocytes had the propensity to initiate the
assembly of nascent Z-line components in the absence of
Tmod1, but that subsequent stages of myofibrillogenesis
were arrested leaving existing myofibrils immature.
Most of the myofibrils found in Tmod1 KO cells
appeared developmentally ¨2 days behind those in WT
cells when observed 4–6 days after plating. To rule out the
possibility that the immature patterns observed in day 4–6
cardiac myocytes were only due to a delay in the assembly
of myofibril components, these cells were followed up to 12
days after plating. Further maturation of myofibrils in KO
cells was not observed. Under the same conditions,
myofibrils in WT cardiac myocytes matured to form very
wide and distinct striations, spanning the neighboring cells
up to about 10 days after plating and then started to detach
from the coverslips. Therefore, these data demonstrate that
the absence of Tmod1 caused an irreversible arrest in
myofibril maturation.
Incomplete F-actin assembly in Tmod1 KO cardiac
myocytes
To further investigate the abnormal myofibrillar pheno-
type in Tmod1 KO myocytes, the organization of thinfilaments in the absence of Tmod1 was analyzed. In Tmod1
KO cardiac myocytes in 4- to 5-day-old EBs, significantly
fewer thin filaments per cell were observed compared to WT
myocytes. The few thin filaments present were organized
into strikingly narrower bundles of filaments and the
myofibrils were frequently only a few sarcomeres in length.
One of the most unexpected findings in this study was that
myofibrils in Tmod1 KO ES cell derived cardiac myocytes
showed distinct gaps in actin filament staining at the M-line
region (visualized by fluorescently conjugated phalloidin:
Fig. 5B arrowheads), demonstrating that thin filaments of
uniform lengths were present in the absence of Tmod1. This
was not observed in the heart muscle of Tmod1 KO mice
embryos (Fritz-Six et al., 2003). For the most part, the
filaments were associated with periodic dots of a-actinin
staining (Fig. 5B, inset, arrows). Interestingly, some
aggregates of a-actinin did not colocalize with actin
filaments (Fig. 5B, inset, open arrowheads), suggesting that
initial assembly of precursor Z-lines was not necessarily
accompanied by actin filament assembly. In contrast, mature
highly organized and complex F-actin arrays were observed
in WT cells at this time point: myofibrils contained wide
striated F-actin staining with regular distinct gaps at the M-
line (Fig. 5A, arrowheads). The results from this experiment
indicate that, in cardiac myocytes, in addition to direct
capping by Tmod1, an independent or compensatory
mechanism must exist allowing actin filaments to assemble
to uniform (or near-uniform) lengths. In this regard, our
PCR analysis suggests that another Tmod isoform is not
significantly up-regulated to compensate for Tmod1
(Fig. 2A).
Next, the lengths of thin filaments within individual
sarcomeres of Tmod1 KO myofibrils were compared to that
of WT myofibrils. Although KO cells contained fewer actin
filament bundles than in the WT cells, we were still able to
determine the mean values for actin filament lengths by
Fig. 4. Immature sarcomere organization in Tmod1 KO cardiac myocytes.
EBs from both WT (A and C) and Tmod1 KO (B and D) ES cells were
fixed and stained for sarcomeric a-actinin at 4 days after plating. In WT
cardiac myocytes, widespread assembly of a-actinin into broad striations
was observed (A and C, arrows). In Tmod1 KO cardiac myocytes,
immature myofibrils with periodic a-actinin dots (open arrowheads) or
narrow striations (arrows) were observed (B and D). Scale bars, 5 Am in
panels A and B, 2 Am in panels C and D.
Fig. 5. F-actin assembly in Tmod1 KO cardiac myocytes. F-actin in (A) WT
and (B) Tmod1 KO cardiomyocytes in 4-day-old EBs was detected by
AlexaFluor 488 phalloidin. Insets show images obtained by double staining
Y. Ono et al. / Developmental Biology 282 (2005) 336–348 343staining with phalloidin (from pointed end to pointed end
across the Z-line). The mean values were 1.59 T 0.18 Am
for WT, and 1.54 T 0.23 Am for KO, indicating
essentially no difference (¨3.75%) in actin filament
lengths (Table 1). Furthermore, no difference was found
in sarcomere lengths (Z-line to Z-line) between WT and
KO (Table 1). These data indicate that the incomplete
(i.e., arrested) myofibril assembly observed in the absence
of Tmod1 was not a direct consequence of the presence
of abnormal actin thin filament lengths, since little or noTable 1
Actin filament and sarcomere lengths in ES cell derived cardiomyocytes
Actin filament lengths (Am) Sarcomere lengths (Am)
Wild type 1.59 T 0.18 (n = 466) 1.92 T 0.21 (n = 397)
Tmod1 (/) 1.54 T 0.23 (n = 202) 1.95 T 0.23 (n = 164)difference in actin filament lengths or sarcomere lengths
was detected.
Assembly of the thick and titin filaments in the absence of
Tmod1
We next investigated the assembly of the thick filaments
and titin in Tmod1 KO versus WT cardiac myocytes 4 days
after plating of EBs. In KO myocytes, the majority of myosin
staining was observed as linearly aligned aggregates, likely
representing immature myofibrils (Figs. 6A and C, arrows).
Myofibrils that showed striated myosin staining represent a
minor population and contained only short stretches of
consecutive sarcomeres (Fig. 6A, brackets) with gaps at Z-
and M-line regions. In contrast, the assembly of myosin into
myofibrils in WT EBs was more robust: periodic gaps at bothwith an antibody to sarcomeric a-actinin (red) and with AlexaFluor 488
phalloidin (green). Surprisingly, actin filaments with regular striations were
observed in Tmod1 KO cells, as in WT cells. However, the number of
myofibrils with actin filaments in KO cells was significantly lower than in
WT. Actin filament bundles were also narrower and often failed to form
long myofibrils spanning the cells. Arrowheads, gaps in F-actin staining.
Arrows in insets, Z-discs marked by a-actinin staining. Open arrowheads in
insets, aggregates of a-actinin staining. Scale bars, 10 Am.
Fig. 6. Compromised assembly of other sarcomeric components in Tmod1 KO cardiac myocytes. Myofibril assembly was examined by double staining Tmod1
KO (A–C) or WT EBs (D–F) at 4 days after plating for myosin heavy chain (A and D) and the C-terminus (M-line region) of titin (B and E), respectively. In
merged images (C and F), myosin and titin are shown in green and red, respectively. In Tmod1 KO cells, very few myofibrils stained for myosin and titin were
observed (A and B). Staining for both proteins was immature in KO cells and did not span through the cells; titin staining was dot-like and myosin staining was
diffuse and distributed in aggregates. Both myosin thick filaments and titin filaments were assembled into their mature striated pattern in WT cardiomyocytes
(D and E). Brackets define the length of sarcomeres in myofibrils. Arrows, myosin aggregates. Arrowheads, periodic titin staining at M-lines. Scale bar, 10 Am.
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brackets) were discernible along long stretches of myofibrils.
The assembly of the C-terminus (M-line region) of titin
was also observed in Tmod1 KO cells. In contrast to the
crisp, wide striations of the titin C-terminus epitope found in
WT cells (Figs. 6E and F, arrowheads), only short sets of
periodic dots of titin staining along myofibrils (representing
early stages of myofibril assembly) was observed in KO
cells (Figs. 6B and C, arrowheads); these dots were often
randomly distributed with respect to each other.
In summary, the initial assembly of myosin (the major
thick filament component) and titin was not affected by the
absence of Tmod1 in nascent myofibrils. However, sub-
sequent steps involving the parallel organization of myosin-
thick filaments and titin to form more mature and organized
sarcomeres were abrogated in Tmod1 KO cardiac myocytes.
Together, our observations demonstrate that myofibrillo-
genesis in Tmod1 KO cells was arrested at an early stage.
Aberrant ultrastructure of myofibrils in Tmod1 KO cells
The effects of the absence of Tmod1 on the structure of
individual sarcomeres in 6-day-old beating EBs of KO cells
were analyzed at the ultrastructural level. In WT cells,
regularly organized sarcomeres were found, indistinguish-
able from that found in heart muscle in vivo. Arrays of
narrow, parallel Z-discs (Fig. 7A, WT, arrows) with
prominent I- and A-bands were observed: thin and thick
filaments interdigitated. In contrast, Z-lines in Tmod1 KO
cells were less regular in shape and significantly morevariable in size compared to WT cells. The sarcomeres in
KO cells appeared disproportionately wider (‘‘bulged out’’)
in the A-band region in comparison to the I-band region
suggesting that fewer actin filaments per sarcomere were
present to maintain the normal parallel sarcomere structure.
Furthermore, some regions of KO cells were rich in Z-discs
organized as dense aggregates from which bundles of actin
filaments projected in several directions (Fig. 7A, KO,
arrows). Higher magnification views revealed individual
sarcomeres containing dense and irregularly shaped Z-discs
with sparse thin filaments. The width of individual myo-
fibrils in KO cells was narrower than that in WT cells (Fig.
7B, WT and KO, double-headed arrows). These observa-
tions are consistent with the presence of immature myofi-
brils in Tmod1 KO cardiac myocytes.Discussion
In this study, the effect of the absence of Tmod1 during
de novo cardiac myofibrillogenesis was investigated using
ES cell derived cardiomyocytes. By all criteria studied,
including overall morphology, immunofluorescence and
electron microscopic analysis, and contractile activity,
myofibril maturation (the transformation of the initially
assembled I–Z–I complexes into parallel arrays of myofi-
brils with substantial lengths and widths) occurred in WT
ES cell derived cardiac myocytes in a manner that was
indistinguishable from that reported during cardiac myofi-
brillogenesis in vivo (Ehler et al., 1999; Fritz-Six et al.,
Fig. 7. Ultrastructural analysis of myofibrillogenesis in Tmod1 KO cardiac myocytes. (A) Electron micrographs of WT and Tmod1 KO (KO) cardiomyocytes in
6-day-old EBs. In contrast to the regularly spaced Z-discs found in WT cells, in Tmod1 KO cells, Z-discs appeared as dense aggregates and often randomly
located with respect to each other (arrows). In WT cells, both thin and thick filaments are interdigitated, whereas in KO cells, many filaments form disordered
arrays. Scale bars, 0.5 Am. (B) At higher magnification, individual sarcomeres in Tmod1 KO cells were characterized by irregularly shaped Z-discs with sparse
actin thin filaments. The bundles of thin filaments often appeared ‘‘bulged out’’ in the middle of sarcomeres and the width of individual myofibrils were
narrower in Tmod1 KO myofibrils (double-head arrows). In contrast, in WT cells, organized sarcomeres with distinctive Z- and M-line structure were present.
Brackets mark H-zone. Scale bars, 0.5 Am.
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targeted disruption of the Tmod1 gene in ES cells provided
us with a unique population of cardiac myocytes, in a three-
dimensional organization, that were null for Tmod1.
Consequently, the direct impact of the absence of Tmod1
function(s) on the functional properties of myofibrils could
be discerned, an analysis that was precluded in the Tmod1
KO mice due to embryonic lethality (Chu et al., 2003; Fritz-
Six et al., 2003).
Aborted myofibril assembly in the absence of Tmod1
Assembly of a-actinin, the major constituent of sarco-
mere Z-lines, into nascent myofibrils occurred in theabsence of Tmod1. However, the immature, periodic dot-
like organization of a-actinin (typical of early stages of
myofibrillogenesis), as opposed to the well-defined broad
striations of a-actinin characteristic of Z-lines in mature
myofibrils in WT cardiac myocytes, were predominant
throughout the differentiation of Tmod1 KO cardiac
myocytes. Myofibrils in the Tmod1 KO mice were narrower
and shorter (i.e., contained fewer sarcomeres in tandem),
while the thin filament lengths within the sarcomere were
essentially unchanged. The thin, thick, and titin filaments in
Tmod1 KO cardiac myocytes underwent initial assembly to
form nascent myofibrils but these myofibrils failed to
transform into mature structurally complex myofibrils.
Together, these observations demonstrate that Tmod1 is
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hypothesize that the molecular mechanisms responsible for
the presence of immature myofibrils in KO cells might be
related to a function of Tmod1 in stabilizing actin filaments;
that is, the lack of pointed end capping by Tmod1 causes an
enhanced turnover of actin molecules within thin filaments,
resulting in thin filament instability in nascent myofibrils.
Consequently, the majority of actin filaments are unstable
and depolymerize, leaving a minor population of actin
filaments incorporated into myofibrils that survive and
obtain uniform lengths. This effect would be expected to
further compromise myofibril maturation since nascent
myofibrils would not grow in length and width.
Previous ultrastructural studies showed that Z-lines in
primitive (nascent) bundles of loosely aggregated thin
filaments and thick filaments gradually narrow as filaments
are aligned during development (e.g., Markwald, 1973). The
ultrastructure of Tmod1 KO myofibrils appeared to be
arrested at this approximate stage of development since the
Z-line precursors (I–Z–I complexes or Z-bodies) were
detected as evenly spaced, dense aggregates. There is no
definitive explanation for how the lack of pointed end
capping by Tmod1 resulted in aborted myofibril assembly,
especially the lack of Z-line maturation. In particular, a
direct relationship between the dynamics at the pointed ends
and the barbed ends of thin filaments has not been
demonstrated. However, it is tempting to speculate that the
interaction between Tmod1 and the thin filament pointed
ends stabilizes the thin filaments (as described above),
thereby allowing the barbed ends to align and contribute to
forming the mature, narrow Z-discs, as well as the alignment
of other filament systems in regular, semi-crystalline arrays.
Another feature characteristic of Tmod1 KO cardiomyo-
cytes was that their overall morphology was distinct from
that of WT cardiomyocytes. Specifically, in Tmod1 KO EB
outgrowths, the majority of cardiac myocytes remained
round and did not elongate as in WT cells. This distinct
difference between KO and WT cells could be the result of
aborted myofibril assembly in the absence of Tmod1. An
alternative idea is that the primary impact of the absence of
Tmod1 is on the non-sarcomeric actin cytoskeleton of
cardiac myocytes. This possibility is based on the recent
observation that Tmod1 is associated with the plasma
membrane skeleton before assembling at thin filament
pointed ends (Ehler et al., 2004). In this case, incomplete
myofibrillogenesis in KO cells might be caused, at least
partially, by a prolonged defect in the membrane skeleton at
an earlier stage. Also, the aborted myofibril assembly in the
KO cells might be associated with perturbation(s) in
contractile activity in the absence of Tmod1. These
possibilities will be the focus of future investigations.
Effect of the absence of Tmod1 on the thin filament lengths
A surprising finding in this study was that in Tmod1 KO
myofibrils, the thin filaments maintained nearly uniformlengths at their pointed ends in the absence of Tmod1,
which was reflected by the presence of distinct gaps in the
staining for actin filaments at the H-zone. Furthermore, the
absence of Tmod1 during de novo myofibrillogenesis was
shown to result in little or no change in the lengths of the
actin thin filaments. These results were not predicted since
previous studies in several different systems consistently
have shown that actin filament lengths are inversely
proportional to the amount of cellular Tmod1. For example,
increasing Tmod1 levels resulted in shorter actin filaments
in both vertebrate cardiac myocytes and Drosophila
indirect flight muscle (Littlefield et al., 2001; Mardahl-
Dumesnil and Fowler, 2001; Sussman et al., 1998b). On
the other hand, decreasing Tmod1 levels, as well as
abrogating its actin capping activity, produced longer actin
filaments (Gregorio et al., 1995; Sussman et al., 1998b).
Our data, however, suggest that thin filament length
maintenance is not solely dependent on Tmod1. Although
our results were not predicted based on the experiments
described above where the levels of Tmod1 were altered,
there are several observations which are consistent with our
data. For example, well-aligned actin thin filaments with
distinct gaps at the M-line but without detectable Tmod1
are observed during early stages of myofibril assembly in
avian precardiac explants, chick embryos, and cultured
cardiac myocytes (Ehler et al., 2004; Gregorio et al., 1995;
Rudy et al., 2001). Therefore, the discrepancies could be
attributed to the presence of at least two different stages
where distinct mechanisms of actin thin filament length
regulation are important. In other words, Tmod1-independ-
ent mechanisms may contribute to filament length deter-
mination during the very early stages of myofibril assembly
which is eventually taken over by a Tmod1-dependent
mechanism later in assembly. Overexpression of Tmod1
during the early stage could interfere with Tmod1-
independent mechanism, but abrogation and/or decrease
of Tmod1 level might not. It has been hypothesized that
Tmod1 maintains uniform thin filament lengths by inter-
acting with a ‘‘ruler’’ molecule that specifies the precise
lengths of the thin filaments. Nebulin, the giant Tmod1-
binding protein, spans the length of the thin filaments and
is the prime candidate to function as a ‘‘ruler’’ for the thin
filaments in skeletal muscle and, more recently, in cardiac
muscle (Fock and Hinssen, 2002; Kazmierski et al., 2003;
Kruger et al., 1991; McElhinny et al., 2001; Wang and
Wright, 1988). It is not clear yet how signals from ruler and
capping molecules coordinate to influence thin filament
assembly, but the data to date are consistent with the idea
that the interaction between Tmod1 and nebulin may be
required for actin filaments to reach their normal mature
lengths, and a disruption of this interaction results in actin
filaments at ‘‘wrong’’, i.e., shorter or longer lengths. Our
data also suggest the unstable nature of actin polymer-
ization without Tmod1, since fewer actin filaments were
observed in Tmod1 KO myocytes. Further studies will be
directed to identify other molecular components involved in
Y. Ono et al. / Developmental Biology 282 (2005) 336–348 347Tmod1-dependent and -independent mechanisms of actin
filament assembly and length regulation.
Difference in myofibril phenotypes in ES cell system and
mouse heart
We have reported several characteristics of Tmod1 KO
ES cell derived cardiac myocytes that were not observed in
Tmod1 KO mice. These include the presence of contractile
activity, the presence of thin filaments of uniform lengths
with distinctive gaps at the H-zone, and thinner bundles of
thin filaments (forming thinner I-bands) than observed in
WT cardiac myocytes. Based on the expression of Tmod1
in hematopoietic cells in the yolk sac and developing liver
and heart in the embryo proper (Ito et al., 1995), it was
anticipated that the Tmod1 KO would affect multiple
organs related to blood circulation. The phenotypes
obtained by studying heart muscle of E8–8.5 Tmod1 null
embryos are consistent with our data in that the initial
assembly of Z-line precursors, and thin and thick filament
components into nascent myofibrils are independent of
Tmod1. Myofibrils from Tmod1 null embryonic hearts
were, however, devoid of detectable striations for actin
filaments, that is, gaps in phalloidin staining at the H-zone
(suggesting the absence of filament length regulation). One
explanation might be that in the absence of Tmod1, actin
filaments form uniform lengths less efficiently. By the time
length regulation could be achieved in the KO embryos,
probably 2 or 3 days later than in WT cells, the embryos
were dead due to the absence of a functional heart beat. In
the case of ES cell derived cardiac myocytes, compro-
mised blood supply is not a factor in cardiomyocyte
viability.
Correlation between myofibril organization and contractile
activity of ES cell derived cardiac myocytes
The formation of contractile machinery was not com-
pletely abrogated in the absence of Tmod1. Perfectly
aligned architectures of the different filament systems in
the sarcomere, for example, the uniformity of thin filament
lengths, represent one of the properties which greatly
contribute to efficient contractile activity (Clark et al.,
2002; Millman, 1998). A significant decrease in the
appearance of beating activity in KO EBs cultured under
normal conditions was one of the properties associated with
the absence of Tmod1. The preponderance of immature
myofibrils in Tmod1 KO cardiac myocytes and the presence
of fewer thin filaments account for the less frequent
appearance of beating loci in Tmod1 KO EBs. Furthermore,
it is probable that the KO myocytes lack efficient trans-
mission of tension through their immature Z-bands, affect-
ing load-dependent changes in function and/or expression of
other sarcomeric proteins. Moreover, the observation that
beating masses did not increase in size in Tmod1 KO EBs
even after 4–5 days of culture accounts for the observationthat most of the KO cardiac myocytes did not elongate
(hence lacking parallel bundles of myofibrils spanning from
cell to cell). Thus, our data clearly demonstrate that
cardiomyocytes, null for Tmod1 have the propensity for
contractile activity.
In summary, our approach for studying de novo cardiac
myofibril assembly in ES cells was successful in circum-
venting embryonic lethality and as a result gave us novel
insights into the functional properties of Tmod1. The fact
that Tmod1 KO cells contained thin filaments of uniform
lengths and could contract in the absence of Tmod1 is
highly significant since it implies that a regulatory
mechanism(s) for determining thin filament lengths exists
independently from Tmod1.Acknowledgments
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